Findings
========

Background
----------

Bioluminescent *in vivo* imaging (BLI) of *Listeria monocytogenes* infections in mice has generated several new insights into the pathogenesis of listeriosis. For example, the now commercially available *Listeria monocytogenes* strain Xen32 was first used to demonstrate that the gallbladder is an important organ reservoir of listerial replication and pathogen shedding \[[@B1]-[@B3]\]. Since then the Xen32 listerial strain has been used in multiple studies as a tool to study *Listeria* directed immune mechanisms in knockout mice \[[@B4]\] and kinetics of *L. monocytogenes* dissemination to target organs of listeriosis such as the bone marrow \[[@B5]\]. More recently, the bioluminescent Xen32 strain has also been used to study transplacental transmission of *L. monocytogenes* in fetal listeriosis \[[@B6],[@B7]\].

The aim of this study was to use the bioluminescent *L. monocytogenes* strain Xen32 in an oral mouse listeriosis model to analyse the dissemination of the pathogen from the intestine to internal organs. To enable efficient transmission of this listerial strain through the murine gut mucosa we used our previous approach of murinisation to optimise the binding of the listerial surface protein internalin A (InlA) to the murine E-cadherin host receptor \[[@B8]\].

Material and methods
--------------------

For oral inoculation of female, 9-10 weeks old BALB/cJ mice (Harlan Winkelmann, Borchen, Germany) we used our previously published mouse infection model \[[@B9]\]. All experiments were conducted according to German animal welfare regulations after approval from the Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit (LAVES) as the local authority. The *Listeria monocytogenes* strains EGDe-lux (Lmo-EGDe-lux) and *L. monocytogenes* EGDe-InlA-mur-lux (Lmo-EGDe-mur-lux) have been described previously \[[@B10]\]*. L. monocytogenes* Xen32 was purchased from Perkin Elmer (Rodgau, Germany) and genetically modified for expression of a mouse-adapted InlA as previously described \[[@B8]\]. Analysis of bacterial organ counts (colony forming units, CFU) was performed as described in Bergmann et al. \[[@B9]\]. BLI images were obtained using an IVIS 200 imaging system (CaliperLS) with integration time of 3 min (Xen32 strains) or 4 min (EGDe strains) at a binning of 8 and F/stop of 1. Photon flux was quantified by using the Living Image 3.1 software (CaliperLS). To assess general growth characteristics of the different *L. monocytogenes* strains, growth curves were performed as previously described \[[@B11]\]. Luminescence was measured by quantifying photon flux of 0.5 ml culture samples from a 50 ml logarithmic *L. monocytogenes* culture at indicated timepoints on the IVIS 200 imaging system (5 sec integration time, binning of 8 and F/stop of 1). Genomic *flaA* fragments from *L. monocytogenes* Xen32 were amplified with *flaA* forward primer (5′-AGAGAAGTCTTTTCTAAACCGAATGTAGGA-3′) and *flaA* reverse primer (5′-CTAAGGGTAAACAATGTTCGATAAATG-3′), sequenced and analysed with MacVector 11.0.2 (MacVector Inc., Cambridge, UK). For analysis of flagella expression, listerial strains were grown overnight in BHI medium at 24°C and negatively stained with 2% uranyl acetate and examined in a Zeiss TEM910 at 80 kV. Cell invasion assays with the human colorectal epithelial cell line Caco-is deficient in flagella expression 2 (ATCC HTB-37) and the murine colon carcinoma cell line CT26 (ATCC CRL-2639) were performed as previously described \[[@B8]\]. Statistical analysis of CFU data was performed using the Mann--Whitney U non-parametic test and the GraphPad Prism 5 (version 5.01) analysis software (GraphPad Software Inc.). Survival curves were statistically evaluated by Kaplan-Meier and Log- rank (Mantel-Cox) analyses.

Results and discussion
----------------------

The *L. monocytogenes* strain Xen32 was originally generated by screening a *lux*-*kan* transposon integration library of the parental strain *L. monocytogenes* strain 10403S for high levels of bioluminescence \[[@B1]\]. Xen32, also named clone 2C, was selected after *in vivo* evaluation of strong photon emission in infected BALB/c mice \[[@B1]\]. To further optimise this strain for oral infection challenge in mice we generated an isogenic mutant by replacing the wild type *inlA* with *inlA*^*S192N-Y369S*^ as previously described \[[@B8]\]. The new murinised *L. monocytogenes* strain was called Xen32-mur and the introduced mutations in the *inlA* locus validated by sequencing and Western blot analysis of InlA and internalin B protein expression (data not shown). All *L. monocytogenes* strains were profiled for *in vitro* growth in BHI media and emitted levels of luminescence. While no differences in *in vitro* growth rates were found between the listerial strains, both Xen32 strains showed higher levels of bioluminescence compared to the EGDe strains (Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1). BALB/cJ mice were intragastrically infected with 10^10^ CFU of *L. monocytogenes* (Lmo) Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux, or Lmo-EGDe-mur-lux and analysed by BLI for a time period of 9 days post infection (d.p.i.). After 4 days of infection, Lmo-Xen32 and Lmo-Xen32-mur infected mice displayed high levels of light emission in abdominal regions (Figure  [1](#F1){ref-type="fig"}A and Additional file [2](#S2){ref-type="supplementary-material"}: Figure S2). The measured level of bioluminescence in these regions was about 10-fold higher in Lmo-Xen32 infected mice compared to Lmo-EGDe-lux infected mice and 5-fold more intense in Lmo-Xen32-mur infected animals compared to Lmo-EGDe-mur-lux infected animals. The intense BLI signals in Lmo-Xen32 and Lmo-Xen32-mur infected mice remained high for one additional day (5 d.p.i.) and decreased then until no further signals remain detectable at 9 d.p.i. (Additional File [2](#S2){ref-type="supplementary-material"}: Figure S2). Surprisingly despite these high levels of bioluminescence, Lmo-Xen32 and Lmo-Xen32-mur infected mice lost less body weight (Figure  [1](#F1){ref-type="fig"}B) and had significantly lower mortality rates compared to Lmo-EGDe-lux and EGDe-mur-lux infected mice (Figure  [1](#F1){ref-type="fig"}C). In contrast, infection with both EGDe listerial strains resulted in more drastic losses in body weights and reduced survival after 5 d.p.i. (Figure  [1](#F1){ref-type="fig"}C). To further analyse differences in strain virulence we determined bacterial organ loads after 3 and 5 d.p.i. with 5 × 10^9^ CFU bacteria. At 5 d.p.i., Lmo-EGDe-lux infected mice had about 10-fold higher CFU loads in mesenteric lymph nodes and 100-fold higher bacterial organ loads in the liver compared to Lmo-Xen32 infected mice (Figure  [2](#F2){ref-type="fig"}B). Higher CFU loads in Lmo-EGDe-mur-lux infected mice were also detected at 3 d.p.i. in the liver compared to Lmo-Xen32-mur infected mice (Figure  [2](#F2){ref-type="fig"}C). These became more prominent at 5 d.p.i. with about 10-fold higher CFU counts in the intestine and about 100-fold and 1000-fold higher organ loads in spleen and liver, respectively, in Lmo-EGDe-mur-lux infected mice compared to Lmo-Xen32-mur infected animals (Figure  [2](#F2){ref-type="fig"}D). Thus, the higher mortality observed in Lmo-EGDe-lux and Lmo-EGDe-mur-lux infected mice correlated with increased organ loads compared to Lmo-Xen32 and Lmo-Xen32-mur infected mice and not with the level of detected bioluminescence. The Lmo-Xen32 strains appeared to emit *in vivo* higher light levels compared to the EGDe listerial strains. However, this was not related to virulence in our mouse infection model. The LD~50~ for Lmo-Xen32 in BALB/c mice has been described to be four times higher compared to the parental *L. monocytogenes* strain 10403S \[[@B1]\]. Because the parental *L. monocytogenes* strains 10403S and EGDe are known to have similar LD~50~ dosages in BALB/c mice \[[@B12]-[@B14]\] we were surprised by the big difference in listeriosis outcome that we observed in this study between mice that were infected with derivates of the 10403S and EGDe strains. In Xen32 the lux operon was integrated via transposon insertion into the flagellin encoding *flaA* locus \[[@B1]\]. The consequences of this integration have so far not been analysed. Therefore, we sequenced *flaA* in Lmo-Xen32 and found that the insertion of the *lux*-*kan* transposon cassette caused a frameshift mutation which generates an amber stop codon (TAG) 80 bp downstream of the methionin start codon (Additional file [3](#S3){ref-type="supplementary-material"}: Figure S3). This mutation would result in the expression of a truncated, non-functional flagellin fusion protein of 27 amino acids instead of the full-length flagellin protein of 287 amino acids. Indeed, when we examined the parental listerial strains Lmo-10403S, Lmo-EGDe, and the bioluminescent strains Lmo-EGDe-lux and EGDe-mur-lux with transmission electron microscopy we found that all these strains clearly expressed peritrichous flagella. In contrast, both Xen32 strains were found to be completely flagella-deficient (Figure  [3](#F3){ref-type="fig"}A). To assess whether the Xen32 mutation influence invasion into human Caco-2 and murine CT26 cells, we performed Gentamicin-protection-invasion assays with Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux. Lmo-EGDe-mur-lux invaded murine CT26 cells and to a lesser extent also human Caco-2 cells more efficiently than Lmo-EGDe-lux (Additional file [4](#S4){ref-type="supplementary-material"}: Figure S4A, S4C) in line with previous results \[[@B8],[@B10]\]. No such differences were detectable between the Lmo-Xen32 and Lmo-Xen32-mur strains (Additional file [4](#S4){ref-type="supplementary-material"}: Figure S4B, S4D) suggesting that flagella are required for optimal invasion of CT26 and Caco-2 cells as previously demonstrated by O'Neil and Marquis \[[@B15]\].

![***Listeria monocytogenes*Xen32 strains show attenuated virulence*in vivo.*** BALB/cJ mice (n = 10) were intragastrically inoculated with 1 × 10^10^ CFU Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux or Lmo-EGDe-mur-lux. **(A)** Serial BLI of 1 representative mouse from one hour until 7 days post infection as described in Methods (see also Additional file [1](#S1){ref-type="supplementary-material"}: Figure S1 for reference). Colour bar indicates emitted light with 3 or 4 min integration time in photons/s/cm2/sr. un = uninfected control. **(B)** Survival rates of BALB/cJ mice (n = 10) after infection with 1 × 10^10^ CFU Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux or Lmo-EGDe-mur-lux. **(C)** Body weight loss of BALB/cJ mice infected with the same listerial strains and dosage as shown in **(A)** and **(B)**. Graphs demonstrated mean in percent (n = 10) with standard error. Statistical significance between murinised (green stars) and non-murinised (yellow stars) *Listeria* strains are indicated (\*p \< 0.05, \*\*p \< 0.01, non-parametric Mann--Whitney-*U*-test).](1757-4749-5-19-1){#F1}

![**Lmo-Xen32 strains show reduced organ burden after oral infection of BALB/c mice compared to Lmo-EGDe strains.** BALB/cJ mice (n = 8) were infected with 5 × 10^9^ CFU Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux or Lmo-EGDe-mur-lux. At indicated time points bacterial organ loads were determined in the small intestine, mesenteric lymph nodes, liver and spleen (n = 8). 3 d.p.i **(A, C)** and 5 d.p.i. **(B, D)** indicate 3 or 5 days post infection, respectively. Graphs demonstrated mean with standard error of bacterial load in inner organs. Statistical significance between Xen32 and EGDe strains are indicated (\*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, non-parametric Mann--Whitney-*U*-test).](1757-4749-5-19-2){#F2}

![***L. monocytogenes*Xen32 strains are flagella deficient.** Transmission electron microscopy of Lmo-Xen32, Lmo-Xen32-mur, Lmo-10403S, Lmo-EGDe-lux, Lmo-EGDe-mur-lux and Lmo-EGDe. Scale bars indicate 1 μm.](1757-4749-5-19-3){#F3}

The possible roles of flagella in listeriosis pathogenesis are diverse. They include host cell adhesion and invasion, injection of virulence factors and initiation and modulation of host inflammation through recognition of flagellin by TLR5 and inflammasome receptors \[[@B16]-[@B19]\]. Previous studies have reported different effects of flagella deficiency on the pathogenesis of oral *L. monocytogenes* infections *in vivo*. The virulence of flagellin deletion mutants or mutants with deficiency in flagella regulatory proteins was found to be either increased or decreased depending on the listerial strain that was used for genetic modification or the mouse infection model that was employed \[[@B15],[@B17],[@B18],[@B20],[@B21]\]. However, these studies have used *L. monocytogenes* strains for oral infection challenge that were not optimized for InlA-mediated recognition of the murine E-cadherin receptor. We report here that Lmo-EGDe-lux shows increased *in vivo* virulence after oral infection challenge when compared to flagella deficient Lmo-Xen32 and that this difference in virulence between EGDe and Xen32 strains becomes even bigger when both strains are murinised for InlA.

Conclusions
-----------

The bioluminescent *L. monocytogenes* strain Xen32 is deficient in flagella expression and highly attenuated in virulence in an oral mouse infection model. Despite this attenuation in virulence, the *L. monocytogenes* strain Xen32 might be still a useful tool for *in vivo* imaging in experiments where sublethal or very mild infections are required (e.g. for example for phenotyping of highly susceptible or immunocompromised mouse strains). However, the scientific community should be aware that infections with *L. monocytogenes* Xen32 of wild type, immunocompetent mouse strains might result in smaller effects on host responses due to its *in vivo* virulence attenuation.
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###### Additional file 1: Figure S1

*In vitro* growth and luminescence profiles of Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux. Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux were grown in triplicates in BHI media and their growth curves and emitted levels of luminescence measured as described in Material and Methods. No major differences were detected in strain growth rates but Xen32 strains emitted higher levels of luminescence at indicated timepoints.

###### 
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###### Additional file 2: Figure S2

Bioluminescence Imaging of orally infected mice with 1 × 10^10^ CFU Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux. BALB/cJ mice were intragastrically infected with 1 × 10^10^ CFU Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux or Lmo-EGDe-mur-lux and the progress of infection was assessed by BLI for 9 days as described in Methods. Serial BLI data are shown for a set of 5 representative mice out of 10 for a time period of 9 days p.i.. Empty spaces indicate mice that succumbed to the infection or were euthanized for ethical reasons. The colour bar indicates photon emission with 3 or 4 min integration time in photons/s/cm^2^/sr.
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###### Additional file 3: Figure S3

Sequence of the *lux-kan* transposon integration site in the *flaA* locus of *Listeria monocytogenes* strain Xen32. Shown are the nucleotide and translated protein sequences. The insertion of the *lux*-*kan* transposon cassette results in a frameshift mutation with the generation of an amber stop codon (TAG) after 80 bp. Translated protein sequences of *flaA* are shown in blue, the frameshift protein translation is shown in red. The amber stop codon is underlined and depicted in bold red.
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###### Additional file 4: Figure S4

Invasion and intracellular growth of Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux. Confluent layers of Caco2 and CT26 cells were infected for 60 min with Lmo-Xen32, Lmo-Xen32-mur, Lmo-EGDe-lux and Lmo-EGDe-mur-lux. Extracellular bacteria were killed by gentamycin treatment (100 μg/ml). At indicated timepoints cells were washed with PBS and lysed with sterile water containing 0,2% Triton X-100. Intracellular bacteria were quantified by plating serial dilutions of cell lysates on BHI agar plates. Graphs demonstrated mean CFU values of triplicate growth assays for each strain with standard error. Statistical significance between strains is indicated (\*p \< 0.05, \*\*\*p \< 0.001, non-parametric Mann--Whitney-*U*-test).
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